We propose an approach for studying quantum information and performing high resolution spectroscopy of rotational states of trapped molecular ions using an on-chip superconducting microwave resonator. Molecular ions have several advantages over neutral molecules. Ions can be loaded into deep (1 eV) RF traps and are trapped independent of the electric dipole moment of their rotational transition. Their charge protects them from motional dephasing and prevents collisional loss, allowing > 1 s coherence times when used as a quantum memory, with detection of single molecules possible in < 10 ms. An analysis of the detection efficiency and coherence properties of the molecules is presented.
We propose an approach for studying quantum information and performing high resolution spectroscopy of rotational states of trapped molecular ions using an on-chip superconducting microwave resonator. Molecular ions have several advantages over neutral molecules. Ions can be loaded into deep (1 eV) RF traps and are trapped independent of the electric dipole moment of their rotational transition. Their charge protects them from motional dephasing and prevents collisional loss, allowing > 1 s coherence times when used as a quantum memory, with detection of single molecules possible in < 10 ms. An analysis of the detection efficiency and coherence properties of the molecules is presented. Studies of ultracold molecules present opportunities to test fundamental laws of physics [1, 2, 3, 4] , manipulate quantum information [5, 6, 7] , and better understand low temperature chemistry [8] . Trapping, cooling, and manipulating molecules has thus been a long-standing goal. Progress has been difficult because excited electronic states decay to a number of internal vibrational and rotational states, rendering laser cooling ineffective in most molecules. Despite this difficulty there has been some success recently with cold clouds of molecules created using a variety of methods [9, 10, 11] .
A recent paper described ideas for employing an allelectrical interface between rotational states of neutral polar molecules and superconducting circuits [6] . If successful, this proposal would represent a novel pathway for control of long-lived rotational degrees of freedom and a significant step forward in quantum information processing. To date, there have not been any experimental realizations of this promising proposal, partially because of the difficulty in cooling and detecting neutral molecules sufficiently for trapping.
Here, we present an alternative approach, employing molecular ions rather than neutral molecules inside a superconducting cavity integrated with an ion trap. Neutral polar molecules are usually trapped using the DC Stark shift of the rotational states, allowing trap depths less than the rotational transition energy (∼ 1 K ∼ 20 GHz). Unfortunately, the rotational ground state cannot be trapped this way, so relaxation causes not only loss of information, but also loss of molecules. For molecular ions, one can use a planar surface electrode Paul trap [12, 13] integrated into the microwave cavity. Planar traps typically have depths of ∼ 1000 K, and are fabricated lithographically, allowing micron-scale traps to be realized. This trapping is independent of the rotational state and, with appropriate cooling, can hold the molecular ions indefinitely. In addition, we find molecular ions can have much longer coherence times than neutral molecules at similar motional temperatures.
In traps for both neutral and charged molecules, thermal motion causes the molecules to experience different electric fields inside the trap, leading to the dephasing of superpositions of rotational states. However, in the ion trap, the ion charge shields the rotational dipole, substantially reducing the effect of thermal dephasing. Due to these properties, molecular ions could present a practical route for realizing an all-electrical coupling to polar molecules, with current technology. Proposals with neutral molecules have suggested using clouds [7] and self-assembled crystals [14] as a quantum memory for solid-state qubits. Ion crystals containing many thousand molecular ions have been realized [15] , whereas realizing trapped crystals of neutral molecules has thus far been technologically prohibitive. A drawback is that due to the charge that protects them from each other, the coupling to a cavity is constrained by the ion density, limited by space charge to about n i = (10µm) −3 . We analyze three classes of experiments: rotational spectroscopy on a cloud of molecules in a cryogenic buffer gas, and two types of quantum information experiments in vacuum, using a single molecule as a qubit, or a crystal of molecular ions as a quantum memory. There is a paucity of spectroscopic data on molecular ions [16] , despite their importance in many areas of chemistry and astrophysics [17] , and our proposed methods would provide a new way to determine rotational constants of many species. A qubit can be made by coupling a single molecular ion to a cavity. Finally, a molecular quantum memory would employ a large number of molecules to enhance the coupling strength to allow interactions fast on the scale of a solid state qubit lifetime [7] . For each of these experiments, we discuss the strength of the qubit-cavity coupling, sources and rates of decoherence, and the measurement rate.
We consider polar molecular ions trapped by an RF Paul trap in a transmission line resonator, Fig. 1 . Trap- b and c contours of constant electric field magnitude (|E|) in response to voltages on the two center electrodes. The two center electrodes are used both for trapping and for coupling molecules to the cavity. Electric field contours are colored from low (blue) to high (red) |E|. The trapping (Σ) mode, when driven at ΩRF, forms a dynamically stable minimum between the two electrodes. The coupling (δ) mode, is coplanar-stripline with inductive shorts forming a half-wave (λ/2) microwave cavity at the molecular rotation frequency (ω01 ∼ 10 GHz). At the trap location, the δ mode has a saddle point in |E|, with a large electric field for coupling to the molecules' rotational dipole.
ping is achieved by applying a RF voltage symmetrically to the two center electrodes (even mode, Σ, see Fig. 1b ).
At the same time, a microwave frequency voltage on the odd mode (δ) of the center electrodes ( Fig. 1c) couples to the rotational dipole. A high finesse microwave cavity is formed using inductive shorts as mirrors, which set the length λ and resonance frequency ω r . The cavity decay rate κ and quality factor Q = ω r /κ are set by the inductance of the shorts. Other trap geometries could be used, but the one shown in Fig. 1 should be scalable in width w from millimeters to microns and yield an efficient coupling. The rotational states have energies E J =hBJ(J +1), where B is the molecular rotation constant, and J is the angular momentum quantum number, giving transition frequency ω 01 = 2B. For concreteness we take CaCl + as an example molecular ion, chosen for its convenient B = 2π × 4.5 GHz and its large dipole moment µ ∼ 12 debye [18] , corresponding to a transition dipole moment p = µ/ √ 3 ≃ 3ea 0 , where a 0 is the Bohr radius.
The strength of the cavity-molecule coupling is critically important in all three classes of experiment. This strength is best characterized by the rate at which a photon is coherently absorbed and emitted by a molecule inside the cavity, known as the vacuum Rabi rate, g. For a single molecule in a resonator with wave impedance Z 0 and width w, this is given by g = β(p/ew)(Z 0 /2R q ) 1/2 ω 01 ∼ 100 Hz(1 mm/w) [19] . Here β is the ratio of the electric field at the molecule's location to the maximum field in the resonator and R q =h/e 2 is the resistance quantum. For a single molecule g/2π ∼ 100 Hz− 100 kHz, which can be further enhanced by √ N , where N is the number of molecules in the cavity [20] .
In order to understand the scaling of coupling and decoherence with trap parameters it is useful to review ion trap dynamics. An ion with charge Q i and mass m i is trapped at the node of an AC electric quadrupole field created by a voltage V RF , applied at drive frequency Ω RF . The trap is dynamically stable (in the absence of additional DC fields) when the Mathieu q parameter
satisfies q ≤ 0.5, where r 0 ∼ 2w is the effective radius of the trap. This requirement links the drive voltage (and thus trap depth), and the drive frequency to the size of the trap, affecting the coherence as one scales to smaller traps. When this condition is satisfied, the particles feel an effective harmonic potential [21] , with secular trap frequency ω t = 2 −3/2 qΩ RF , and potential energy U = (r/r 0 ) 2 U max ∝ |E| 2 , up to a maximum depth U max = η t qQ i V RF /8, where E is the RF electric field and η t is the trap efficiency. Typically η t ∼ 5 − 10% and r 0 ∼ 2w for a planar trap [12] .
Decoherence, especially dephasing, arises primarily from three sources: thermal motion within the trap, inhomogeneity due to space charge, and collisions. Dephasing of the rotational states arises when varying electric fields in space or time lead to uncontrolled Stark shifts. Since ions move in the presence of a DC electric field, their charge protects them from the DC Stark shift felt by neutral molecules. However, AC fields still give the rotational transitions a second order Stark shift hδω 01 ≈ 0.3p 2 |E| 2 /hω 01 . The trapping potential energy U is also proportional to |E| 2 ; therefore, we define a dimensionless shielding factor, Λ =hδω 01 /U , which compares the trap induced Stark shift to the potential energy. We write this in terms of the trap parameters as
Thus, the shielding depends on the ratio of the rotational dipole, p, to the motional dipole, ex 0 , where x 0 = (h/2mω t ) 1/2 is the zero-point motion of the molecule in the trap; and to the ratio of the trap motional frequency to the rotational frequency. Thus weak (large x 0 ), low frequency traps are most protective, Table I . For a single molecule (or non-interacting ensemble) at motional temperature T m the molecule will accumulate random Stark shifts, dephasing the rotation at rate, hΓ th = (3/2)k B T m Λ. Neutral molecules in a DC Stark trap, have no shielding, hence at a the same T m dephasing in ions is reduced by Λ ∼ 10 −2 − 10 −7 depending on the trapping parameters. Dephasing can be reduced further by cooling the motion below the temperature of the cryostat, ideally to the ground state, using sympathetic cooling or other methods. The cooling rate must exceed the motional heating rate, which has been demonstrated to be as small as ∼ 1−100 quanta/s in a cryogenic environment [22] ). The spectroscopy experiment uses an ensemble where even at T = 0, space charge prevents all of the ions from sitting at the field null, exposing some ions to spatial inhomogeneity of the trapping fields. A simple model of a cylindrical cloud with density determined by force balance between space charge and the trapping force, yields a maximum Stark shift (dephasing rate) of hΓ sc = 4ΛU max N/n i πw 2 λ, where n i ∼ (10 µm) −3 is the average density of the cloud (Table I) . If the temperature is reduced below ∼ 1 K the cloud can crystallize. In this regime, the positions of the ions are fixed, with each position experiencing a different time-independent Stark shift. Since the shifts are coherent, the ensemble can be refocused using spin echo techniques. In contrast to the spectroscopy experiment, when a single molecule (qubit) or a linear chain (memory) is trapped the dephasing due to space charge is eliminated.
Molecules can decay or dephase through collisions with other molecules or with buffer gas. Collisions with 4 He or 3 He buffer gas thermalize the motional and rotational state of the molecules and can be used to help load the trap with rotationally cold molecules [11] . Spectroscopy experiments can be done in the presence of the buffer gas, but the qubit and memory experiments would require removing the buffer gas, and using additional cooling by an alternate method [6] . Even in the absence of buffer gas, molecules can collide with one another, causing decay or dephasing, depending on the duration and distance of closest approach of the collision. Assuming worst case head-on collisions between ions with no screening, we estimate that below 10 K, ion-ion collisions induce negligible relaxation (in contrast to neutral-neutral collisions), and only small phase shifts, Table I . At temperatures below ∼ 1K the Coulomb repulsion causes the ensemble to crystalize, stopping collisions entirely. Compared with ensembles of neutral molecules, ionic ensembles, are thus very robust against decoherence due to collisions.
Using the coupling strength and decoherence rates we calculate the number of coherent interactions and detection rate of the system. To facilitate this discussion we define the cooperativity C = 2N g 2 /κΓ 2 , a dimensionless figure of merit where Γ 2 = Γ 1 /2 + Γ φ . Here Γ 1 is the sum of the appropriate radiative and non radiative decay rates and Γ φ refers to the total dephasing rate, Table I . The number of cavity-mediated qubit or memory operations [23] that can be performed is given by N ops = √ C. Using the Maxwell-Bloch equations for an ensemble of uncoupled two-level systems interacting with a cavity [24] , the detection rate, Γ m in the limits of C ≪ 1 and C ≫ 1 is
The signal is proportional to the effective number of participating molecules, which in thermal equilibrium is given by M 0 = N tanh (hω 01 /k B T ), where T is the rotational temperature of the ensemble. When the ensemble is optically thin (C ≪ 1), the measurement rate is proportional to M 2 0 , whereas when it is optically thick (C ≫ 1), such as in the memory, the detection is proportional to M 0 . In all cases the signal is limited by the radiative decay rate g 2 /κ (Table I ) and the partial width of the transition, Γ 1 /2Γ 2 . Non-radiative decay (such as from buffer gas) does not reduce the detection rate but does increase the required measurement power. Finally, the microwave detector has a finite noise temperature T N ; for a good cryogenic amplifier T N ∼ 5 K, corresponding to an effective noise photon number n amp = k b T N /(hω 01 ∼ 20. The spectroscopy provides a sufficient detection rate to perform spectroscopy over a wide frequency range and both the qubit and memory can be read-out in much less than one lifetime.
The specific parameters for each class of experiment are given in Table I . In general smaller trap widths are favorable for stronger coupling but are more technically challenging. Parameters for the spectroscopy experiment were chosen to be realizable with current technology (i.e. with buffer gas, large ion traps, modest Q cavities, and many molecules). To make an effective qubit or memory, the ion trap must be scaled down significantly, and the molecule must be cooled to near its motional ground state, which is achievable with sympathetic [25] or cavity assisted sideband cooling [6] . These experiments would be done in a dilution refrigerator (T ∼ 20 mK) so that there are no thermal photons, and would require the smallest feasible trap. The size of the memory is limited by the number of ions that can fit in the resonator along a linear chain. If currently feasible superconducting cavity quality factors [26] can be maintained with an ion trap [13] , reaching the strong coupling regime appears achievable.
Equipped with the measurement and decoherence rates we can evaluate the feasibility of the three experimental scenarios. The spectroscopy scenario is quite promising and appears to be a good first step towards investigating rotational states of polar molecules. Ensembles and even individual molecules can have sub-MHz linewidths and can be read-out at kHz rates, Table I . The spectroscopy could be further improved by lowering the rotational temperature of the molecules, and using higher finesse cavities. The spectroscopy experiment, not intended for coherent operations, only manages 0.1 gates, but a single molecule qubit could perform 75 gates, and the enhanced rate of the memory would allow 6500 coherent operations. Nearly all of the dephasing mechanisms of neutral molecules are eliminated by using molecular Coupling and detection
/ kHz 20 7 180 TABLE I: Parameters, coupling strengths, measurement rates, and decoherence rates for three experimental scenarios. The ion trap is characterized by the its width, depth, and drive frequency. Rotational and motional temperatures are assumed to be in equilibrium. Lower temperatures reduce dephasing and improve cavity Q, and may require development of new cooling techniques for the lowest temperatures. All relaxation rates are for the first photon emitted by the molecules through the specified channel.
ions. Dephasing due to space charge only affects the spectroscopy experiment, while motional heating is strongly reduced by the cryogenic environment [22] . Decoherence and/or rotational temperature could be suppressed further by sympathetic cooling [25, 27] into the ground state of motion in the trap and/or by encoding the qubit state into spin degrees of freedom which are nearly unaffected by electric fields [6] . The memory coupling strength is comparable to solid-state qubit lifetimes, which would allow a demonstration of a hybrid quantum memory. This represents a promising approach for manipulating the rotational states of molecules, and could be interesting for quantum computing.
These estimates also show that one could realize an allelectrical interface to molecular ions. Using ions rather than neutral molecules allows easy trapping using known technology and with thermal dephasing reduced by orders of magnitude. Because molecules have both rotational and electronic transitions it may be possible to use this system as a single photon microwave-to-optical upconverter or downconverter. Further issues to investigate include the effects of micromotion, as well as cavityassisted sideband cooling.
